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A  potential  negative  electrode  material  (mesoporous  nano-Co304)  is  synthesized  via  a  simple  thermal 
decomposition  of  precursor  Co(OH)2  hexagonal  nanosheets  in  the  air.  The  structure  and  morphology 
of  the  samples  are  characterized  by  X-ray  diffraction  (XRD),  scanning  electron  microscopy  (SEM)  and 
transmission  electron  microscopy  (TEM).  It  is  found  that  the  nano-Co304  is  present  in  mesoporous  hexag¬ 
onal  nanoparticles.  The  average  size  of  holes  is  about  5-15  nm.  The  electrochemical  performances  of 
mesoporous  nano-Co304  as  the  active  starting  negative  electrode  material  for  alkaline  secondary  battery 
are  investigated  by  galvanostatic  charge-discharge  and  cyclic  voltammetry  (CV)  technique.  The  results 
demonstrate  that  the  prepared  mesoporous  nano-Co304  electrode  displays  excellent  electrochemical 
performance.  The  discharge  capacity  of  the  mesoporous  nano-Co304  electrode  can  reach  436.5  mAhg-1 
and  retain  about  351.5 mAhg-1  after  100  cycles  at  discharge  current  of  100 mAg-1.  A  properly  elec¬ 
trochemical  reaction  mechanism  of  mesoporous  nano-Co304  electrode  is  also  constructed  in  detail. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

To  meet  the  ever-increasing  demands  for  spacecrafts,  commu¬ 
nication,  computers,  electric  vehicles,  cellular  phones,  camcorders, 
power  tools  and  other  home  appliances,  there  are  continuous 
demands  to  develop  rechargeable  batteries  with  high  power  densi¬ 
ties.  Nickel-based  rechargeable  batteries,  such  as  nickel-cadmium 
(Ni/Cd),  nickel-metal  hydride  (Ni/MH),  nickel-iron  (Ni/Fe)  and 
nickel-zinc  (Ni/Zn)  batteries  [1-9],  are  widely  used  in  many  areas 
for  their  high  energy  and  power  densities.  Recently,  a  new  type 
of  nickel-based  rechargeable  battery  named  nickel-cobalt  (Ni/Co) 
battery  has  drawn  much  attention  for  its  high  discharge  capaci¬ 
ties,  good  cycling  stability  and  excellent  high-rate  performances. 
In  this  battery  system,  the  reversible  capacity  is  mainly  based  on 
the  faradaic  redox  mechanism  between  Co(OH)2  and  metallic  Co. 
The  charge-discharge  reaction  can  be  expressed  as  follows  [  1 0,1 1  ] : 

Discharge 

Co  +  20H“  =  Co(OH),  +  2e 

Charge 

Thus,  Co,  Co(OH)2  or  those  cobalt-based  compounds  which  can 
be  transformed  into  Co  or  Co(OH)2  in  alkaline  electrolyte  are  all 
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potential  negative  materials.  Up  to  now,  some  cobalt-based  com¬ 
pounds,  such  as  Co(OH)2  [11,12],  Co-B  [13],  Co-P  [14],  Co-Si  [15], 
Co-S  [16],  and  CoO  [17]  have  been  proved  to  be  suitable  for  Ni/Co 
battery.  Other  cobalt-based  compounds,  such  as  Co304,  are  possi¬ 
ble  negative  materials  although  they  have  not  yet  been  sufficiently 
investigated. 

Mesoporous  materials  have  evoked  increased  interest  because 
of  their  potential  applications  in  chemical  separation,  energy 
storage  and  conversion,  catalysis,  microelectronics  and  optics. 
Mesoporous  materials  are  widely  used  in  battery  system,  espe¬ 
cially  in  lithium  ion  battery  [18-21].  However,  few  studies  have 
been  reported  on  the  electrochemical  properties  of  mesoporous 
materials  for  Ni/Co  battery.  In  our  previous  work,  it  is  found  that 
increasing  the  contact  area  with  alkaline  electrolyte  is  very  impor¬ 
tant  to  improve  the  electrochemical  performances  of  Co(OH)2  for 
Ni/Co  battery  [22].  The  porosity  of  mesoporous  materials  can  pro¬ 
vide  the  channels  for  electrolyte  which  are  obviously  useful  to 
increasing  the  contact  area  between  active  materials  and  elec¬ 
trolyte.  Thus,  they  must  be  effective  negative  materials  for  alkaline 
secondary  battery. 

In  this  paper,  we  firstly  report  the  use  of  mesoporous  nano- 
C03O4  negative  materials  in  alkaline  secondary  battery.  The 
structural  and  electrochemical  characteristics  of  mesoporous  nano- 
C03O4  are  investigated  in  detail.  Moreover,  the  electrochemical 
reaction  mechanism  is  discussed. 
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2.  Experimental 

2.1.  Preparation  of  mesoporous  nano-Co304  particles 

Mesoporous  nano-Co304  was  synthesized  by  a  simple  ther¬ 
mal  decomposition  of  Co(OH)2  in  air.  In  the  typical  synthesis, 
C0CI2  6H2O  (10  mmol,  98.0-102.0%,  Alfa  Aesar)  was  dissolved  into 
50  ml  distilled  water  to  form  a  homogeneous  solution  under  mag¬ 
netic  stirring  within  30  min.  An  appropriate  amount  of  sodium 
hydroxide  dissolved  in  20  ml  distilled  water  was  dropwise  into  the 
above  solution  under  magnetic  stirring  within  5  min.  The  brown 
precipitation  was  centrifuged,  washed  with  distilled  water  and 
absolute  alcohol,  and  dried  at  60  °C  in  vacuum  for  12h.  Finally, 
the  precipitation  was  heated  at  400  °C  for  1  h  in  the  air  and  slowly 
cooled  to  room  temperature. 

2.2.  Structural  and  morphological  characterization 

The  crystal  structure  and  surface  morphology  of  the  as-prepared 
Co(OH)2  and  mesoporous  nano-Co304  were  characterized  by  X-ray 
diffraction  (XRD,  Rigaku  D/Max-2500,  Cu  Ka  radiation),  scan¬ 
ning  electron  microscopy  (SEM,  S-3500N),  transmission  electron 
microscopy  (TEM,  Tecnai  20).  The  BET  surface  area  was  measured 
by  Tristar  3000. 

2.3.  Electrochemical  measurements 

Negative  electrodes  were  constructed  through  mixing  as- 
prepared  mesoporous  nano-Co304  with  carbonyl  nickel  powders 
in  a  weight  ratio  of  1:3.  The  powder  mixture  was  pressed  under 
30  MPa  of  pressure  into  a  small  pellet  of  10  mm  diameter  and 
1.5  mm  thickness.  The  pellet  was  then  pressed  under  20  MPa  of 
pressure  between  two  pieces  of  Ni  foam.  Electrochemical  measure¬ 
ments  were  conducted  in  a  three  compartment  cell  using  a  Land 
battery  test  instrument  (CT  2001A).  NiOOH/Ni(OH)2  and  Hg/HgO 
were  used  as  the  counter  electrode  and  the  reference  electrode, 
respectively.  The  electrolyte  was  a  6M  KOH  aqueous  solution. 
The  electrodes  were  charged  at  200  mAg-1  for  3h,  discharged  at 
100  mAg-1  to  -0.5  V  (vs.  Hg/HgO).  The  testing  interval  between 
charge  and  discharge  was  5  min. 

The  cyclic  voltammetry  (CV)  was  conducted  by  using  electro¬ 
chemical  workstation  (Zahner  IM6e).  The  potential  scan  rate  was 
0.2  mV  s-1  and  the  scan  scope  was  - 1 .2  V  to  -0.4  V. 

3.  Results  and  discussion 

3.1.  Characterization  of  structure  and  morphology 

Fig.  1  exhibits  the  XRD  patterns  of  the  precursor  p-Co(OH)2 
(a)  and  mesoporous  nano-Co304  (b).  All  the  diffraction  peaks  of 
samples  a  and  b  in  Fig.  1  can  be  indexed  to  the  hexagonal  phase 
of  brucitelike  p-Co(OH)2  (space  group  P3ml,  JCPDS,  No.  74-1057) 
and  the  cubic  phase  of  Co304  (space  group  Fd-3m,  JCPDS,  No. 
73-1701),  respectively.  The  sharp  diffraction  peaks  (Fig.  lb)  sug¬ 
gest  crystalline  nature  of  the  mesoporous  nano-Co304.  The  lattice 
parameters  a  =  b  =  c  =  8.076  A  from  the  diffraction  pattern  are  in 
good  agreement  with  the  standard  values  for  cubic  Co304.  No  other 
diffraction  peaks  can  be  observed,  indicating  a  pure  phase  of  Co304. 

Fig.  2  shows  the  SEM  images  of  the  precursor  p-Co(OH)2  (a) 
and  mesoporous  nano-Co304  (b),  respectively.  The  SEM  image  in 
Fig.  2a  illustrates  that  the  as-prepared  precursor  Co(OH)2  is  mainly 
composed  of  hexagonal  nanosheets.  In  addition,  the  SEM  image  of 
the  mesoporous  nano-Co304  (Fig.  2b)  clearly  shows  that  the  size 
and  shape  of  the  mesoporous  nano-Co304  nanosheets  are  consis¬ 
tent  with  the  Co(OH)2,  but  the  surface  of  the  nanosheets  is  not  very 
smooth.  Further  insight  into  the  morphology  and  microstructure  of 


2  Theat/deg. 

Fig.  1.  XRD  patterns  of  (3-Co(OH)2  (a)  and  mesoporous  nano-Co304  (b). 

the  mesoporous  nano-Co304  is  gained  by  using  transmission  elec¬ 
tron  microscopy  (TEM).  As  shown  in  Fig.  3,  the  porous  nanosheets 
can  be  clearly  observed,  and  the  nano-Co304  is  present  in  meso¬ 
porous  hexagonal  nanoparticles  with  the  average  size  around 
lOOnm.  Besides,  the  average  size  of  holes  is  about  5-1 5  nm,  and 
the  shape  of  holes  is  irregular.  The  formation  of  mesopores  may 
be  attributed  to  the  impact  of  gas  evolution  during  the  thermal 


Fig.  2.  SEM  images  of  (3-Co(OH)2  (a)  and  mesoporous  nano-Co304  (b). 
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Fig.  3.  TEM  image  of  mesoporous  nano-Co304. 


decomposition  reaction  of  the  precursor  P-Co(OH)2  nanosheets. 
This  kind  of  mesoporous  structure  possesses  relatively  large  meso- 
tunnels  inside  the  pore  walls,  which  may  be  facilitate  to  improve 
its  electrochemical  performances. 

Specific  surface  area  is  measured  by  BET  method.  The  spe¬ 
cific  surface  areas  of  p-Co(OH)2  and  nano-Co304  are  48.73  m2  g-1 
and  64.85  m2g_1,  respectively.  The  higher  specific  surface  areas 
of  nano-Co304  should  be  attributed  to  the  pores  in  the  hexagonal 
sheets. 

3.2.  Electrochemical  performance 

Fig.  4  shows  the  cycle  life  of  the  mesoporous  nano-Co304  and 
precursor  |3-Co(OH)2  electrodes  at  a  constant  discharging  current 
of  lOOmAg-1.  As  it  can  be  seen,  the  maximum  discharge  capac¬ 
ity  of  p-Co(OH)2  electrode  reaches  471.9  mAhg-1  at  the  first  cycle 
and  decreases  gradually  in  the  following  charge-discharge  cycles. 
After  100  charge-discharge  cycles,  the  reversible  discharge  capac¬ 
ity  maintains  about  258.5  mAhg-1.  For  the  nano-Co304  electrode, 
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Fig.  5.  Charge-discharge  curves  of  mesoporous  nano-Co304  and  (3-Co(OH)2  elec¬ 
trodes  at  the  24th  cycle. 
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it  is  noted  that  the  electrode  has  an  activation  process.  The  dis¬ 
charge  capacity  gradually  increases  at  the  initial  few  cycles.  At  the 
24th  cycle,  the  maximum  discharge  capacity  of  436.5  mAh  g-1  is 
observed.  Then,  the  discharge  capacity  decreases  gradually  in  the 
initial  75  charge-discharge  cycles  and  keeps  stable  after  75  cycles. 
The  reversible  discharge  capacity  maintains  about  351.5  mAh  g-1 
after  100  charge-discharge  cycles,  which  is  much  higher  than  that 
of  p-Co(OH)2  electrode.  Obviously,  nano-Co304  electrode  shows 
better  cycle  performance  as  compared  to  the  precursor  p-Co(OH)2 
electrode. 

Fig.  5  shows  the  24th  cycle  charge-discharge  curves  of  the  meso¬ 
porous  nano-Co304  and  precursor  p-Co(OH)2  electrodes  at  the 
charge  current  of  200  mA  g-1  and  discharge  current  of  1 00  mA  g-1 , 
respectively.  As  shown  in  Fig.  5,  the  potential  plateaus  positions 
and  curves  shapes  of  the  two  electrodes  are  nearly  the  same.  For 
each  electrode,  there  are  only  one  charge  plateau  and  one  discharge 
plateau,  which  can  be  observed  at  about  -0.88  V  and  -0.78  V, 
respectively.  In  addition,  it  is  also  noted  that  the  length  of  charge 
plateaus  and  discharge  plateaus  in  mesoporous  nano-Co304  elec¬ 
trode  is  almost  the  same,  suggesting  the  excellent  reversibility. 


2  Theat/deg. 


Fig.  6.  XRD  patterns  of  mesoporous  nano-Co304  electrode  at  different  cycles. 
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Fig.  7.  CV  curves  of  mesoporous  nano-Co304  electrode  in  the  initial  4  cycles  at  a 
scan  rate  of  2  mV  s_1 . 


To  investigate  the  structure  change  in  charge-discharge  process, 
XRD  patterns  of  mesoporous  nano-Co304  electrode  at  different 
cycles  are  compared  in  Fig.  6.  At  the  fully  charged  state  of  the 
2nd  cycle,  the  diffraction  peaks  of  the  Co304  become  weak  and 
the  peaks  of  Co  appear,  indicating  the  formation  of  Co  during 
the  charging  process.  When  discharged  to  -0.5  V,  it  can  be  found 
that  the  diffraction  peaks  of  p-Co(OH)2  are  detected.  Besides,  the 
diffraction  peaks  of  metallic  Co  are  detected  at  the  fully  charged 
state  in  the  100th  cycle.  At  the  fully  discharged  state  in  the  100 
cycle,  most  of  the  diffraction  peaks  can  be  indexed  as  Co(OH)2 
and  the  diffraction  peaks  of  the  metallic  Co  become  weak.  It  can 
be  concluded  that  p-Co(OH)2  is  reduced  to  metallic  Co  during  the 
charge  process,  and  metallic  Co  is  oxidated  to  p-Co(OH)2  during 
the  discharge  process.  According  to  the  intensity  change  of  diffrac¬ 
tion  peaks  of  Co304,  Co  and  p-Co(OH)2  at  different  cycles,  there 
may  be  a  transformation  from  Co304  to  p-Co(OH)2  during  the 
initial  24  cycles.  When  Co304  transforms  completely  into  Co  or 
p-Co(OH)2,  the  discharge  capacity  of  electrode  reaches  the  max¬ 
imum  of  436.5  mAh  g-1.  The  discharge  capacity  of  the  electrode 
after  activation  process  is  mainly  attributed  to  the  electrochem¬ 
ical  redox  reaction  between  Co  and  Co(OH)2.  That  is  to  say,  the 
negative  electrode  material  is  really  nano  sized  Co  metal  parti¬ 
cles  derived  from  the  electrochemical  reduction  of  nano-Co304. 
We  can  see  from  Fig.  4  that  the  reversible  discharge  capacity  of 
nano-Co304  is  about  351.5  mAh g-1  in  the  100th  cycle.  If  this  is 
re-calculated  based  on  the  starting  weight  of  p-Co(OH)2,  the  dis¬ 
charge  capacity  (303.6  mAh  g-1)  is  higher  than  that  of  precursor 
p-Co(OFI)2  (258.5  mAhg-1 ).  Thus,  the  discharge  capacity  of  nano- 
Co304  is  enhanced.  The  capacity  utilization  may  be  related  to  the 
mesoporous  nano-active  starting  negative  material. 

Fig.  7  shows  the  cyclic  voltammogram  (CV)  curves  of  the  meso¬ 
porous  nano-Co304  electrode  at  the  initial  four  cycles  in  6M  KOFI 
aqueous  solution.  It  can  be  seen  that  there  is  an  activation  process 
in  the  CV  curves.  The  integral  area  of  the  redox  peaks  increases 
gradually  and  peak  voltage  of  the  redox  peaks  shifts  gradually 
right.  The  pair  of  remarkable  reduction-oxidation  peaks  appears 
at  -1.035  V  and  -0.685  V  in  the  fourth  CV  cycle,  respectively, 


suggesting  a  reversible  electrochemical  oxidation-reduction  pro¬ 
cess  occurring  on  the  mesoporous  nano-Co304  electrode. 

4.  Conclusions 


In  summary,  mesoporous  nano-Co304  with  a  hexagonal 
sheetlike  structure  has  been  prepared  by  a  simple  thermal 
decomposition  of  precursor  Co(OFI)2  hexagonal  nanosheets.  The 
electrochemical  performances  of  mesoporous  nano-Co304  are 
firstly  investigated  as  active  starting  negative  electrode  material 
for  alkaline  secondary  battery.  The  results  exhibit  that  the  discharge 
capacity  can  reach  436.5  mAh  g-1  and  still  remain  at  351 .5  mAh  g-1 
after  100  cycles.  Most  of  the  discharge  capacity  can  be  attributed 
to  the  redox  reaction  between  Co  and  Co(OFI)2.  If  nano-Co304 
transforms  completely  to  p-Co(OIT)2  by  calculation,  the  reversible 
discharge  capacity  (303.6  mAh  g-1 )  is  higher  than  that  of  precursor 
p-Co(OH)2  (258.5  mAh  g-1).  Thus,  the  as-synthesized  mesoporous 
nano-Co304  is  a  promising  active  starting  negative  electrode  mate¬ 
rial  for  alkaline  secondary  battery. 
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